It has long been recognized that mode-locked lasers have an enormous potential for generating ultralowjitter microwave signals. [1] [2] [3] Recently it was shown that the extraction of a microwave signal from an optical pulse train generated by a mode-locked laser by use of direct photodetection is limited in precision by excess phase noise. 4 The major contribution to this excess noise has been identified to be the amplitudeto-phase conversion in the photodetector. In Refs. 5 and 6, the amplitude-to-phase conversion factor was measured, and it typically ranged from 1 to 10 ps/ mW, depending on the bias voltage and diode type used. The intensity noise of the laser can be converted into a significant amount of excess phase noise and timing jitter by this process.
One way to remedy this problem is using a higherspeed photodetector and an intensity feedback loop simultaneously. As proposed in Ref. 7 , an alternative way to alleviate this problem is by transferring the timing information between optical and microwave signals in the optical domain before the photodetection is involved. In previous work with a free-space Sagnac interferometer, because of acoustic vibrations and poor phase noise properties of the free-running voltage-controlled oscillator (VCO), the relative jitter between the extracted microwave signal and the mode-locked laser was limited to 60 fs measured from 100 Hz to 10 MHz. 7 In this Letter a balanced optical-microwave phase detector for the extraction of low-jitter, high-power, and drift-free microwave signals from optical pulse trains is proposed and demonstrated. It is based on precise phase detection using a differentially biased Sagnac fiber loop and synchronous detection, which is similar to Sagnac-loop based gyroscopes 8 and clock recovery systems. 9 We used the phase error signal from this phase detector, which is robust against drifts and photodetector nonlinearities, to regenerate low-jitter microwave signals from optical pulse trains. In a first experimental demonstration based on the balanced optical-microwave phase detector, 3 fs relative timing jitter between the extracted microwave signal and the optical pulse train is demonstrated. Figure 1 shows the schematic of the balanced optical-microwave phase detector. Part of the input pulse train is tapped off by photodiode 1. This photodiode signal is used to generate a reference signal for a synchronous detection at half the repetition rate ͑f R /2͒ of the optical pulse source. The reference signal is then applied to both the phase modulator and the downconversion mixer. The rest of the input pulse train is sent to the Sagnac loop with an in-loop phase modulator. The output power from the Sagnac loop is expressed as P out = P in sin 2 ͑⌬ /2͒, where ⌬ is the phase difference between counterpropagating pulses in the loop. When there is no phase modulation, the loop output should be zero if the coupling ratio is exactly 50:50. The pulse train is phase modulated by the sum of (i) the signal from the microwave input port at frequency Nf R (N is an integer) and (ii) the reference signal at frequency f R / 2. The highfrequency ͑Nf R ͒ microwave signal gives a unidirec- tional phase modulation because of the travelingwave nature of the phase modulator. For the reference signal, whose frequency does not support unidirectional modulation, the phase modulator is positioned in such a way that counterpropagating pulses at the phase modulator experience opposite phases due to the reference signal. Phase shifter 1 is used to align the pulse train positions with the maxima-minima of the reference signal. Under these conditions, the differential phase shift for the Sagnac-loop output is given by ⌬͑t͒ = ⌽ 0 sin͑2Nf R t + N e ͒ +2⌽ m cos͑f R t͒, where ⌽ 0 is the phase modulation depth from the microwave input signal, e is the phase error between the pulse train and the microwave signal and ⌽ m is the phase modulation depth from the reference signal, when the pulse train is positioned at every t = nT R . By this phase modulation, the output pulse train from the Sagnac loop is amplitude modulated at the frequency of f R / 2 as conceptually shown in Fig. 1 . Using the differential phase shift in the Sagnac-loop output function and expanding it at the zero output operation point, we obtain the amplitude-modulation depth of P in ⌽ 0 ⌽ m N e , which is proportional to the phase error e . The pulse train detected at the fiber-loop output with photodiode 2 is bandpass filtered at f R / 2, mixed in phase with the reference signal (phase shifter 2 is used to keep two signals in phase), and downconverted to the base band. This phase error output is filtered and controls the low-noise VCO to close the phase-locked loop. When the phase-locked loop is in the locked state, the Sagnac-loop output pulse train is unmodulated.
The main advantages of this phase detector are the following. First, in the locked state, the broadband amplitude noise from both optical and microwave signals is suppressed by the synchronous detection. With this characteristic, long-term drift-free operation of the microwave signal regeneration is possible. Another advantage of this phase detector is its scalability in phase detection sensitivity. The phase detection sensitivity is proportional to the average optical power in the Sagnac loop and the modulation depths of the phase modulation. The noise performance is fundamentally limited by shot noise in the photodetection process. A detailed analysis shows that the shot-noise-limited residual phase noise floor is expressed as S ,shot = ͑4q / RP avg ⌽ 0 2 ͒ rad 2 / Hz, where q (C) is the electron charge, R (A/W) is the photodiode responsivity, P avg (W) is the average optical power in the Sagnac-loop, and ⌽ 0 (rad) is the phase modulation depth by the VCO output. Finally, the use of high-power, low-noise VCOs can ensure a better signal-to-noise ratio of the regenerated signal, which is not limited by the extractable microwave signal power from photodetectors. Figure 2 shows the experimental demonstration setup for the microwave signal regeneration from an optical pulse train by use of the balanced opticalmicrowave phase detector. All optical components in the phase detector are implemented with commercial 1550 nm optical fibers and components. A stretchedpulse Er-doped fiber laser 10 (repetition rate f R = 44.26 MHz) is used as the optical pulse source. Part of the input pulse train is tapped off by the p-i-n photodiode (pin-PD #1) to generate a synchronous detection reference signal at half the repetition rate ͑f R /2͒ of the optical pulse source. In the experimental implementation, we also generated a signal with the frequency 10.5f R to modulate the circulating pulse train in the fiber loop. We used 10.5f R instead of f R /2 to reduce the necessary fiber-loop length. The rest of the input pulse train ͑P avg =5 mW͒ is sent into the polarization-maintaining (PM) fiber Sagnac loop, which includes a phase modulator. The phase modulator is positioned in such a way that the optical delay between counterpropagating pulses at the phase modulator is set to ⌬t delay =1/͑2 ϫ 10.5f R ͒. The VCO (PSI DRO-10.225) has a center frequency of 10.225 GHz ͑⌽ 0 = 0.4 rad͒ that corresponds to the 231st harmonic of the fundamental repetition rate. The pulse train detected at the fiber-loop output (pin-PD #2) has an amplitude modulation with frequency f R / 2 whose amplitude is proportional to the phase error between the pulse train and the VCO microwave signal. This amplitude modulation is converted to the base band by synchronous detection with a mixer. The phase error signal is filtered and controls the low-noise VCO. A long-term stable lock between the laser and the VCO is obtained.
To characterize the in-loop residual phase noise, the voltage signal from the phase detector is amplified with a low-noise amplifier (G = 10 noninverting amp with AD797), measured with a low-noise vector signal analyzer (Agilent 89410A), and converted into single-sideband (SSB) phase noise at 10.225 GHz. Figure 3 shows the measured in-loop phase noise spectra. The dashed curve is the phase noise of the free-running VCO, taken from the data sheet of the PSI DRO-10.225. The solid curve shows the in-loop phase noise when it is locked; the dotted curve is the noise floor from the signal analyzer. The integrated in-loop timing jitter is 3 ± 0.2 fs measured from 1 Hz to 10 MHz. Most of the noise contribution is from the high-frequency spectrum where the loop characteristic caused an overshoot near the loop bandwidth. Currently the system is limited by the thermal noise from electronic amplifiers rather than shot noise. Assuming the ideal shot-noise-limited system without a corner-frequency overshoot response, the parameters used in the experiment (R =0.9 A/W, P avg = 5 mW, and ⌽ 0 = 0.4 rad) result in 0.5 fs achievable jitter over a 10 MHz bandwidth. We currently pursue increasing optical and microwave power levels as well as optimizing the loop characteristics to achieve a subfemtosecond jitter level. Further, to evaluate the out-of-loop performance and the longterm stability, a second setup is under construction, and the out-of-loop measurement will be performed by mixing the VCO outputs from both setups in quadrature.
In summary, we have demonstrated a novel balanced optical-microwave phase detector for extracting low-jitter, high-power, and drift-free microwave signals from optical pulse trains. The demonstrated performance is 3 fs in-loop timing jitter measured from 1 Hz to 10 MHz between an optical pulse train and a microwave signal. This scheme is further scalable to suppress the relative timing jitter between an optical pulse train and an extracted microwave signal to the subfemtosecond regime. It is also insensitive to the amplitude noise of both the optical pulse source as well as the microwave source. The potential applications include microwave signal readout from atomic optical clocks, 5 large-scale timing distribution and synchronization systems, 6 locking a mode-locked laser to a microwave standard, synchronization of multiple mode-locked lasers, and high-precision optoelectronic phase-locked loops in general.
